Metallic components may develop plastic deformation before in-service loading (pre-strain) 
INTRODUCTION
Pre-straining is the accumulation of plastic deformation in a metallic component prior to its final use. Pre-straining can be deliberately and/or unintentionally imposed to parts used in industrial applications. There are many engineering scenarios where metallic components are subject to plastic deformation (pre-strain) due to accidental loading, cold bending and ground movement. Therefore it is necessary to understand this process for different materials in order to predict the potential risks in industrial settings.
An example of pre-strain history is the pipe reeling process in offshore drilling. The reeling process is an efficient and economical way to install pipelines on the seabed. During this process, plastic deformations as large as 2-3 % can occur in the pipe, so the distribution of pre-strain histories over the pipe's cross section should be predicted precisely. The effect of prestrain history on subsequent deformation and fracture behaviour must be studied for safety reasons [1] .
The failure behaviour of structural steel HY-100 has been tested by D. Chae, et. al. [2] . They showed that even a small pre-strain at high stress triaxiality (which is the ratio of hydrostatic to equivalent von Mises stress) would have an effect on the final failure strain. The development of failure by void-sheeting was the main reason for this behaviour. During pre-straining, elongated voids were nucleated and led to the lower failure strains observed experimentally. They also utilized plain strain deformation conditions and worked with the finite element software ABAQUS for the simulations. Simulation results from D-notch and B-notch samples showed very good agreement with the experimental data.
The effect of pre-strain on fracture toughness has been studied for different types of pre-straining and materials by S. Sivaprasad, et. al. [3] . They found that J C (the critical fracture toughness) increased slowly up to ~2% pre-strain, and then decreased deleteriously for steels. This variation of J C with prestrain was clarified in term of variations in tensile flow properties of the steels with pre-strain. A model was proposed for correlating J C with the tensile flow properties and the model predictions were in good agreement with the experimental results.
Void coalescence with and without pre-strain has been studied by Z. L. Zhang and B. Skallerud [4] using the ABAQUS RIKS method. They found that void coalescence strain decreases with increasing the stress triaxiality and the amount of pre-strain. They found that during void coalescence the position of the maximum axial stress in the ligament between voids was an indicator for void coalescence. By increasing the plastic deformation the position of this indicator shifted from void edge to cell boundary and coalescence took place when the position appeared at the boundary. They also found that pre-strain had a smaller effect on void coalescence strain for initially prolate voids compared to circular ones. D. Wang, et. al. [5] studied the microstructure of over-aged 7050 aluminum alloy with various amounts of pre-strain using scanning electron microscopy. They found that by increasing the amount of pre-strain, the dimples on the fracture surface disappeared and converted to intergranular microvoid coalescence. This evolution was justified in terms of preferential deformation of the precipitate free zone around the grain boundary area.
Although the effect of pre-strain has been studied for different materials, there is no systematic experimental study that has looked at the effect of pre-strain on void growth and coalescence.
The research presented in this paper uses laser drilled model materials to better understand the effect of pre-strain on ductile fracture in aluminum alloy 5052. The material behavior upon pre-straining is quantified in terms of void growth rate and fracture strains. Finite element simulations coupled with a non-local damage formulation were carried out to predict the effect of pre-strain on ductile fracture.
EXPERIMENTAL PROCEDURE
An Al-Mg alloy (AA5052) sheet with chemical composition given in Table 1 was selected for this work. Tensile samples ( Figure 1a) were extracted from the aluminum sheet and were annealed at 345ºC for 30 min. In order to impose pre-strains, the tensile samples were subjected to tensile deformation at a constant crosshead speed of 0.9 µm/s. Deformation was continued until a pre-determined total strain level was achieved, after which the samples were unloaded. Pre-strains of 2.8, 5.6, 8.5, 12.2 and 14% were applied through this process. A femtosecond laser was then used to create 10 through-holes in the middle of the sample. The holes, which mimic the voids found in commercial materials during ductile fracture had a diameter of 17.5 µm and were placed 50 µm apart. Hole-free material was left on each side of the line of holes to enable better control over the sample failure. The samples were then grinded using a 4000 µm silicon carbide paper and then polished down to a mirror finish using a 0.05 µm colloidal silica suspension.
Final tensile tests to failure were carried out at a cross-head speed of 0.9 µm/s with the samples being pulled in-situ under an optical microscope which allowed pictures to be taken during the test. Both load and displacement were recorded during the test. From the optical microscope images, the major diameter of the voids was extracted at various deformation steps. Due to the large number of microscope images (>100) and for repeatability, void lengths were extracted using an open-source image analysis software (ImageJ).
Finally, fracture surface analysis was carried out in the Scanning Electron Microscope (SEM) to determine the true strains at fracture (ductility). Figure 2 shows a typical optical microscope image of the sample prior to deformation and right before failure. From such optical microscope images taken during the whole tensile test, the void diameter in the tensile direction (or void length) 2a was extracted. Figure 3 shows the evolution of the normalized void radius (a/a 0 ) where a 0 is the initial void radius, as a function of the far field true strain defined as ln(1+e ff ) where e ff is the far field engineering strain. The various curves in Figure  3 represent void growth evolution for samples with different pre-strain histories. From Figure 3 it can be seen that by increasing the amount of pre-strain, voids grow more rapidly and the sample fails at a smaller strain. This behavior can be rationalized in terms of the work hardening capacity in the samples. At low pre-strains, the material's work hardening rate is still high which delays void growth. The work hardening capacity of the material decreases and void growth can accelerate when pre-strain increases. This is not being slowed down by a hardening material. The effect of work hardening rate on void growth has already been presented by Thomason 
EXPERIMENTAL RESULTS AND DISCUSSION

EFFECT OF PRE-STRAIN ON VOID GROWTH
Our results confirm these theoretical findings place them in the context of the effect of pre-strain on ductile fracture. 
EFFECT OF PRE-STRAIN ON DUCTILITY
The ductility of a material can be expressed quantita using the reduction in area and is given by the true fracture strain ε f :
Where A 0 is the initial cross-sectional area and A sectional area at fracture. The area reduction of the samples was extracted from images of the fracture surface obtained scanning electron microscope (SEM) for different pre-strain, as shown in Figure 4 . The change in ductility (true fracture strain) versus of pre-strain is shown in Figure 5 . Nine measurements were taken corresponding to the nine inter-hole spac standard deviation of these nine measurements is represented by the error bars in Figure 5 . A decrease in fracture is observed with increasing pre-strain. The large decrease in far field strains 3 and the small decrease in true failure strains 5 suggest that pre-strain has a strong effect on strain localization but a smaller effect on the True Fracture Strain Pre-strain % Copyright © 2012 by ASME from which the area at fracture between for different pre-strain histories. Scale bar is strains at failure shown in Figure  3 and the small decrease in true failure strains shown in Figure  strain has a strong effect on strain localization but a smaller effect on the true reduction in area.
the true fracture strain (based on for different pre-strain histories. strain %
FINITE ELEMENT MODEL
The finite element software ABAQUS was used the effect of pre-strain on ductile fracture. To model damage used an element deletion technique based on a Rice and Tracey type damage indicator and a nonlocal damage formulation. This nonlocal damage has only two adjustable parameters, namely the local failure strain in uniaxial tension and the length L. This non-local damage model was already used successfully to predict void growth in aluminum alloys [ In this work, the characteristic length L was chosen to be equal to the diameter of the voids (L=17.5 µm) a value was set to a strain of 0.4 as in [7] . Because of symmetry, the analysis was performed on only a quarter of the complete sample geometry used experimentally. Boundary conditions include a Y-symmetry along the xz surface (facing surface in Figure 6 that cuts through the holes), X-symmetry along surface (left side surface in Figure 6 ), and fixed displacement applied to the upper-end surface equal to 3.75 mm The simulation had 4949 elements and the mesh around the holes, making sure that the characteristic length contains at least 3 elements. In Figure 6 are presented taken in 4 different time-steps during the simulation crack starts in the middle of the sample and propagates until fracture. The grey elements in Figure 6 are reached the critical damage value and therefore do not carry anymore load. These elements simulate the process taking place between voids.
The simple nonlocal ductile fracture model presented is able to capture the behaviour observed experimentally in terms of void growth and failure strains for 0% pre Figure 7 . Work is underway to predict fracture for strain histories.
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The finite element software ABAQUS was used to predict
To model damage we a Rice and Tracey type damage indicator and a nonlocal damage formulation. This nonlocal damage has only two adjustable parameters, namely the local failure strain in uniaxial tension and the characteristic local damage model was already used successfully to predict void growth in aluminum alloys [7] .
L was chosen to be equal to the diameter of the voids (L=17.5 µm) and the damage Because of symmetry, of the complete oundary conditions (facing surface in etry along the yz , and fixed displacement surface equal to 3.75 mm (25% strain). mesh was refined , making sure that the characteristic length are presented images steps during the simulation and how and propagates until are elements that reached the critical damage value and therefore do not carry the ductile fracture simple nonlocal ductile fracture model presented here is able to capture the behaviour observed experimentally in terms of void growth and failure strains for 0% pre-strain, see for all other pre- Experimental and numerical results of the evolution of the local deformation at the scale of the holes, as a function the field true strain for the sample without pre-strain history.
CONCLUSION
In this study laser drilled model materials were used to better understand the effect of pre-strain on ductile fracture in aluminum alloy 5052. Void growth was investigated for various amounts of pre-strain in the aluminum alloy 5052 and it was shown that increasing pre-strain from 0% to 14% resulted in faster void growth which was justified in terms of a decrease in work hardening rate in the sample.
SEM images revealed that the ductility of the sample decreased with increasing pre-strain but only slightly compared to the large decrease in far field strain at failure. This suggests that pre-strain affects strain localization significantly and to a lesser extent the ductility.
Finite element simulations based on a non-local averaging scheme were able to predict both void growth and failure strains for the sample without pre-strain. Further work is underway to simulate the other pre-strains used experimentally.
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